Structural analysis and design is often conducted under the assumption of rigid base boundary conditions, particularly if the foundation system extends to bedrock, though the extent to which the actual flexibility of the soil-foundation system affects the predicted periods of vibration depends on the application. While soil-structure interaction has mostly received attention in seismic applications, lateral flexibility below the ground surface may in some cases influence the dynamic properties of tall, flexible structures, generally greater than 50 stories and dominated by wind loads. This study will explore this issue and develop a hybrid framework within which these effects can be captured and eventually be applied to existing finite element models of two tall buildings in the Chicago Full-Scale Monitoring Program. It is hypothesized that the extent to which the rigid base condition assumption applies in these buildings depends on the relative role of cantilever and frame actions in their structural systems. In this hybrid approach, the lateral and axial flexibility of the foundation systems are first determined in isolation and then introduced to the existing finite element models of the buildings as springs, replacing the rigid boundary conditions assumed by designers in the original finite element model development. The evaluation of the periods predicted by this hybrid framework, validated against companion studies and full-scale data, are used to quantify the sensitivity of foundation modeling to the super-structural system primary deformation mechanisms and soil type. Not only will this study demonstrate the viability of this hybrid approach, but also illustrate situations under which foundation flexibility in various degrees of freedom should be considered in the modeling process.
INTRODUCTION
While high-rise construction serves as one of the most challenging projects undertaken by society each year, tall buildings are one of the few constructed facilities whose design relies solely upon analytical and scaled models, which, though based upon fundamental mechanics and years of research and experience, have received limited systematic full-scale validation. In response to this deficiency, the Chicago Full-Scale Monitoring Program was instituted and has been continuously monitoring the responses of three tall buildings in Chicago since 2003, expanding to
BACKGROUND: SOIL-STRUCTURE INTERACTION
Soil-structure interaction (SSI) effects are usually only considered in seismic applications, but it is well established that SSI changes the flexibility of the system, and can significantly lower the overall stiffness. Full-scale studies involving responses to forced vibration tests and to actual earthquake recordings have shown that SSI effects can lower the fundamental frequencies by up to 30% of the structure's fixed-base frequency (Tileylioglu 2008; Omrani and Taciroglu 2012) . However, SSI effects has not received the attention in the literature and practice for non-seismic applications, particularly for tall buildings (exceeding 50 stories) dominated by wind. While there are multiple factors that influence the effects of soilstructure interaction, there are two that have been found to have the greatest impact on system flexibility: the wave parameter, which is proportional to the shear wave velocity and is a measure of relative stiffness of the foundation to the structure, and the ratio of the height of the structure to the radius of the foundation base (Veletsos and Meek 1974) . In-depth investigation into each of these factors by Veletsos and Meek (1974) demonstrates that as the foundation-to-structure stiffness ratio (wave parameter) decreases, the impact on the natural frequency increases, indicating that higher frequency structures are more sensitive to SSI. While this particular factor was investigated with seismic applications in mind, as the shear wave velocity plays a key role in the excitation, its' influence also applies to non-seismic applications. The second factor is quite interesting because it is parallel in concept to the aspect ratio of the structure, which has been applied as a rough indicator of the expected relative shear and axial behaviors present in a structural system (Bentz and Kijewski-Correa 2008) . Therefore, it is worthy to consider whether frequency reduction due to SSI effects is more pronounced in structures with larger aspect ratios. Additionally, it was found that the rotational (rocking) flexibility of the foundation system is more important than the translational flexibility in lowering the frequency of tall, slender structures (Veletsos and Meek 1974) , further suggesting that the role of relative axial and shear behaviors could be important, as tall structures tend to be increasingly dominated by axial shortening associated with more efficient structural systems.
The consideration of axial and shear behaviors in connection with the foundation has also been a topic of interest in offshore structures, where the foundations are often deep and govern the ultimate capacity of the platforms (Gilbert, et al. 2010) . Tall, flexible buildings may be similarly sensitive to SSI effects when deep foundations through soft soil and a high water table are used, as in Chicago.
Other researchers have shown that tall buildings can be significantly affected by SSI effects; a study by Edgers, et al. (2005) used a detailed mesh in ANSYS to represent the foundations and soil conditions to a depth of over 150m below the ground and extending over 90m to each side underneath a 50 story steel frame in Boston subjected to dead, live, and wind loads. While full-scale data was not available and modeled fundamental periods were not reported, the study demonstrated greater bending moments of the exterior beams and columns and a top floor displacement increase of up to about 25% when SSI effects were included in the model, compared to a rigid base condition. While such a detailed analysis may produce the most accurate and ideal results, a decent estimate may be obtained by representing soil stiffnesses with springs, which is common for SSI problems (Nogami, et al. 1997 ). Naeim, et al. (2008) investigated a 54 story building under seismic loading and found that assuming a rigid base at ground level or ignoring the lateral stiffness of the surrounding soil resulted in a model that is stiffer than the insitu conditions, while a model that included foundation elements and springs at the base to represent soil stiffness accurately reproduced dynamic responses. Additionally, theory, simulation, and experimental results all show that for a given soil-foundation system, stiffer structures are more sensitive to SSI effects (Tileylioglu 2008) . Experimental studies by Tileylioglu, et al. (2011) show greater reduction in frequency due to earthquake excitations than to forced vibration tests, suggesting SSI effects may be amplitude dependent, although other experimental investigations have noted that amplitude affects the soil and the structure in in different directions, resulting in no discernible SSI trend with regard to amplitude (Omrani and Taciroglu 2012) . Again, although SSI has primarily been studied with respect to seismic applications in lower rise structures, the fact that the structure's fundamental frequencies can be significantly impacted by SSI suggests that its consideration could be warranted in other applications where inaccuracies in frequency modeling can have considerable effects on design predicted responses, such as for tall buildings dominated by wind. A FE model of the test structure was developed in SAP2000 based on details in Tileylioglu, et al. (2011) and design specifications available at www.nees.ucsb.edu; the foundation was modeled in DYNA-5 to obtain vertical, horizontal, and rocking stiffnesses of the foundation-soil system. Figure 1 shows the structure and Table 1 contains the relevant soil properties. The stiffness constants output by DYNA-5 are dependent upon the frequency of the structure, which in turn is dependent upon the foundation stiffness. Therefore an iterative approach was taken, starting with the stiffness constants corresponding to the fixed-base frequency of the structure as determined by SAP 2000. Springs were then applied to the base of the SAP superstructure FE model, replacing the vertical, horizontal, and rotational restraints with the equivalent stiffness determined by DYNA-5. Then, based on the flexible-base SAP superstructure model, new frequencies of vibration were obtained that were used to generate a new set of boundary springs in DYNA-5. This process continues until convergence, which generally occurs within two iterations. To examine the sensitivity of the braced and unbraced models to the vertical, horizontal, and rotational springs, four separate analyses were performed on each model: 1) Vertical springs applied at base; all other DOFs fixed (Case V) 2) Horizontal springs applied in lateral directions; all other DOFs fixed (Case H) 3) Vertical and horizontal springs applied; rotational DOFs fixed (Case VH) 4) Vertical and horizontal springs applied; rotational springs applied for rotation about x-x and y-y axes; rotation fixed about z-z axis (Case VHR). Table 2 contains the resulting spring stiffnesses from DYNA-5, and Table 3 contains the resulting frequencies from SAP2000 for the fixed-base model and for each case of the flexible-base models, along with the corresponding reduction in frequency.
MODELING APPROACH
Comparison is made to the full-scale, forced-vibration results obtained by Tileylioglu, et al. (2011) as well as to the theoretical reduction in frequency calculated by Tileylioglu (2008) , also presented in Table 3 . While the fixed-base frequencies of the unbraced and braced models are higher than the experimentally measured frequencies, the ratio between the unbraced and braced frequencies is the same; in addition, the stick-model design frequency reported by NEES is 8.4 Hz (SFSI Design Spec., Rev. 3, 2003) , which is close to this study's rigid SAP 2000 model.
From the results, it is first important to note that the proposed full-flexibility model over-predicts the frequencies of both unbraced systems and the fixed-base braced system by 13-20%, when compared to experimental results. However, in the case of the braced flexible base system, the comparison between experimental results and the fully-flexible model prediction are very good. Additionally, the effects of soil-structure interaction are illustrated well for the unbraced model: frequencies reduce by up to 8.7% as various levels of fixity are removed from the boundary conditions in the model proposed herein, which matches well with both the in-situ observations (7.9% reduction) and theoretical predictions (9.1% reduction). By comparison, the braced structure is much more sensitive to foundation flexibility, a trend that is supported by the in-situ data and theoretical prediction. While the overall frequency reduction of 37.5% is greater than that measured in-situ (22.6%), it matches well with theory (35.5%). Several interesting observations can be made from the isolation of the foundation stiffness components. The results indicate that the rotational (rocking) stiffness of the foundation has the least impact on the superstructure's dynamic properties, so it may be generally neglected. The vertical stiffness of the foundation has the greatest impact on the system flexibility, and the significance of the lateral foundation stiffness is much greater for the unbraced structure than for the braced structure. The reason for this can be tied to the fact that unbraced frames are characterized by column shearing so that the mechanism of load transfer to the foundation is primarily through base shear. This contrasts with braced frames, which have diminished column shear and greater member axial participation, transferring forces to the foundation through a greater degree of axial or overturning action. This concept is shown schematically in Figure 2 where the horizontal arrows indicate relative shear behavior and the vertical arrows indicate relative axial behavior, tuned accordingly by size. This cantilever behavior would be expected to increase in tall buildings, where more efficient choices of structural system seek to explicitly engineer cantilever action. To demonstrate this anticipated effect, this test frame is now expanded vertically (multi-story) and laterally (multi-bay). Figure 3 . The single story unbraced structure has an average of 6% axial deformations, while the multi-story unbraced structure has an average of 26% axial deformations. The rotational foundation stiffness remains the least significant factor.
Fig wit

Expansion to a Multi-Bay Structure
To examine the SSI effects on a structure dominated by frame action, the original unbraced NEES SFSI test structure was expanded from a single-bay frame structure to a multi-bay frame structure, with three bays in each direction. This decreases the aspect ratio by a factor of 3. The equivalent stiffnesses applied to the structure were previously presented in Table 4 , and Table 6 presents the dynamic properties of the superstructure. For ease of comparison, the results of the unbraced single-bay frame structure in Table 3 are repeated in Table 6 . The overall reduction in frequency with increasing base flexibility is about the same for the two structures, though the contributions of various foundation degrees of freedom are quite different. The multi-bay frame structure is much more affected by the lateral foundation stiffness than the vertical foundation stiffness, further supporting the theory that an increase in frame action increases the significance of horizontal foundation stiffness modeling. 
COUPLED WALL-FRAME STRUCTURE
The process applied to the NEES SFSI structure is now applied to a coupled wallframe structure (CWFS) originally modeled by Carbonari, et al. (2011) in a twodimensional analysis. The frame consists of 6 stories and 4 bays, coupled with a shear wall as shown in Figure 4 . Cracked properties of the concrete frame and wall elements are applied. The structure's foundation consists of floating piles 0.8 m in diameter. Carbonari et al. (2011) considered three different soil conditions, detailed in Table 7 along with the varying pile lengths. In each case, the soil profile consists of a 30 m homogeneous soil layer on top of bedrock, so the entire length of the piles resides in the same soil layer. Note that soils S1, S2, and S3 correspond to soil classes C, D, and E, respectively, according to ASCE 7-05 (ASCE, 2006). While full-scale measurements are not available for this structure, Carbonari, et al. (2011) modeled the effects of SSI on this structure using a linear finite element procedure that accounts for the complete dynamic system and incorporates soil-pile interaction. Using published information on the structure, foundation, and soil conditions, a model was developed using the SAP 2000 and DYNA-5 hybrid approach introduced here to compare with the results obtained by Carbonari, et al. (2011) . The stiffness constants determined by DYNA-5 are listed in Table 8 and the results of the SSI analysis are listed in Table 9 along with results from the integrated model by Carbonari et al. (2011) . Since the rotational flexibility had negligible effect on the frequencies, only the vertical and horizontal cases are presented individually, and the fully-flexible base (VHR) values are compared to the results by Carbonari et al. (2011) . As demonstrated in Table 9 , the frequencies modeled by the hybrid framework, when compared to those of the integrated model, are over-predicted in the first mode but are an excellent match in the second mode. The frequency reductions due to the flexible models agree reasonably well, as shown in Figure 5 , with those obtained by Carbonari, et al. (2011) : within 6% for most cases and not exceeding 18% error, further validating the hybrid SAP 2000 and DYNA-5 approach introduced here in lieu of a detailed combined analysis. Note that the second mode is more affected by the SSI, which is not unexpected due to the effects of the wave parameter as discussed in Veletsos and Meek (1974) , as a higher mode is closer to the stiffness of the foundation system. Interestingly, however, the second mode of this building generates greater shear and moment demands at the base, while the first mode generates greater axial force at the base. Thus it is not surprising that the second mode frequency is more sensitive to the lateral flexibility of the foundation system than the first mode, and about equally or less sensitive to vertical flexibility of the foundation system than the first mode. Additionally, the greatest reduction in frequency occurs, as expected, in the softest soil, where the impact of the lateral flexibility is significantly increased, particularly for the second mode. These results suggest that for structures founded upon hard soil, the effects on system flexibility may be negligible, explaining why the fully rigid boundary condition assumption is reasonable for many tall buildings who are dominated by axial behavior. However, this example also demonstrates that structures with greater amounts of frame action may still be sensitive to lateral flexibility in the foundation system.
CONCLUSIONS AND FUTURE WORK
This study focused on the introduction of a hybrid modeling framework suitable for evaluating foundation modeling sensitivity using existing finite element models of tall buildings generated in commercial software through the application of springs determined in DYNA-5. Two test structures were introduced to validate the framework, with comparisons made to full-scale data, theory, and other results of integrated soil-structure interaction models. The results of the hybrid analysis agreed well with the published data, indicating that this process is reliable for the purpose of estimating SSI effects on superstructure natural frequency. This then allowed the exploration of frequency sensitivity to various degrees of freedom in foundation flexibility and the extent to which this correlates with the superstructure's dominant deformation mechanism. The resulting observations are summarized as follows:
(1) Braced frames were found to be more sensitive to SSI, particularly in the vertical component, which is expected since these systems have substantially more transfer of force to the foundation by axial mechanisms (2) As frame action in the superstructure increases, the sensitivity to the lateral restraint of the foundation is enhanced, due to the fact that forces are being transferred to the foundation primarily by shear (3) Soft soil conditions have greater influence on superstructure frequencies, as expected, and lateral foundation resistance becomes significantly more important (4) Higher modes are more sensitive to soil-structure interaction, due to decreased foundation-to-structure stiffness ratio and particularly when shear and moments dominate at the base (5) The effect of rotational degrees of freedom is negligible The next steps of this research will now apply the hybrid framework to the existing finite element models of two buildings in the Chicago Full-Scale Monitoring Program. These two buildings, though both of steel and relying on tube-like structural systems, show varying degrees of reliability in the prediction of in-situ frequencies of vibration. Based on the observations of this study, which highlight that structures with greater frame action are more sensitive to lateral foundation stiffness, it is speculated that this may be the source of discrepancy that previous studies had yet to resolve. At minimum, this investigation highlights that soil-structure interaction is a worthy consideration in finite element modeling for tall buildings in the design stage, even in non-seismic zones, depending on the degree of frame action in the system and the softness of the soil.
